INTRODUCTION
============

It is widely accepted that obesity and abdominal fat distribution contribute to the individual risk for type 2 diabetes, dyslipidemia, fatty liver disease, chronic subclinical inflammation, hypertension, and cardiovascular disease \[[@B1]-[@B3]\]. Dissection of the molecular mechanisms underlying obesity and its relationship to metabolic and cardiovascular diseases are essential for developing new strategies for prevention and treatment of these disorders. However, we are only at the beginning to understand the mechanistic link between obesity and its associated metabolic and vascular diseases. In the past two decades, advances in obesity research have led to the recognition that adipose tissue is an active endocrine organ that secretes more than 600 bioactive factors termed adipokines \[[@B4]\]. Adipokines play important roles in the regulation of appetite and satiety control, fat distribution, insulin sensitivity and insulin secretion, energy expenditure, inflammation, blood pressure, hemostasis, and endothelial function \[[@B5]-[@B11]\]. In an autocrine and paracrine manner, adipokines contribute to the modulation of adipogenesis, immune cell migration into adipose tissue, adipocyte metabolism and function \[[@B5],[@B6]\]. Most importantly, adipokines have significant systemic effects on target organs including the brain, liver, muscle, vasculature, heart and pancreatic β-cells ([Fig. 1](#F1){ref-type="fig"}) \[[@B5],[@B6]\]. The adipokine secretion pattern reflects adipose tissue function and seems to be important for determining the individual risk to develop metabolic and cardiovascular comorbidities of obesity \[[@B1],[@B3]-[@B6]\]. When adipose tissue inflammation and dysfunction have developed, adipokine secretion is significantly changed towards a diabetogenic, proinflammatory, and atherogenic pattern \[[@B1],[@B3]-[@B6]\].

In 1987, adipose tissue was identified as a major site for sex steroid metabolism \[[@B8]\] and production of adipsin, an endocrine factor that is negatively correlated with obesity in rodents \[[@B9]\]. The discovery of leptin as an adipokine \[[@B7]\] further stimulated the discovery of new adipose tissue derived signals \[[@B3]-[@B5]\]. Since then, the search for novel adipokines, but more importantly the molecular characterization of newly identified adipokines with unknown function represents a major topic in obesity research. Secretion of adipokines (e.g., leptin, chemerin, monocyte-chemotactic-protein-1 \[MCP-1\], retinol-binding-protein-4 \[RBP4\]) may either closely reflect body fat mass and body weight dynamic or be related to other factors including adipose tissue function or dietary pattern (e.g., adiponectin, fetuin-A, C-reactive protein \[CRP\], progranulin, vaspin) \[[@B10],[@B11]\].

However, there remains a major challenge to characterize the function, mode of action and molecular targets for the growing list of newly identified adipokines. Recently, 44 novel adipokines with unknown function have been identified using and unbiased protein profiling approach of the secretome of primary human adipocytes \[[@B12],[@B13]\]. Among the more of 600 putative adipokines \[[@B4]\], there are molecules which play a role inflammatory response including interleukins (IL)-1, -6, -8, -10, tumour necrosis factor alpha (TNFα), transforming growth factor β (TGFβ), interferon-γ, CRP, plasminogen activator inhibitor-1, and chemerin ([Table 1](#T1){ref-type="table"}). Several adipokines including RBP4, chemerin, vaspin, fetuin-A, omentin, and fatty acid binding protein 4 have been associated with insulin resistance and fatty liver disease ([Table 1](#T1){ref-type="table"}), whereas adiponectin positively correlates with insulin sensitivity \[reviewed in [@B3],[@B5]\]. Other adipokines may cause or reflect adverse fat distribution including RBP4 \[[@B14]\], dipeptidyl peptidase-4 (DPP-4) \[[@B15]\], chemerin \[[@B16],[@B17]\], apelin \[reviewed in [@B18]\], vaspin \[[@B19],[@B20]\], endocannabinoids \[[@B21]\], fetuin-A \[[@B22]\], omentin \[[@B23]\], and progranulin \[[@B24]\] ([Table 1](#T1){ref-type="table"}) \[[@B5]\]. Adipokines may represent the link between obesity and hypertension (e.g., angiotensinogen), endothelial function (e.g., omentin, apelin), hemostasis (e.g., fibrinogen), immune cell infiltration in adipose tissue (e.g., MCP-1, progranulin and macrophage inflammatory protein-1α) \[[@B3]-[@B5]\]. For several adipokines including resistin, visfatin/PBEF/Nampt, progranulin, fractalkine the clinical relevance of altered serum concentrations is either not clear or controversial \[[@B3]-[@B5]\]. The role of the adipokines leptin and adiponectin as mediators linking increased fat mass and/or impaired adipose tissue function to metabolic and cardiovascular diseases has been extensively characterized during the past years \[[@B25]-[@B29]\]. In addition to the discussion of these classical adipokines, this review focuses on the clinical importance of more recently identified adipokines \[[@B3]-[@B5],[@B14]-[@B17],[@B22]-[@B24],[@B30]\] as biomarkers and therapeutic tools or targets for obesity related diseases.

LEPTIN
======

Leptin was discovered in 1994 as the protein product of the ob gene mutation, which causes extreme obesity in the *ob/ob* mouse model \[[@B7]\]. The importance of altered leptin signalling for the development of obesity and diabetes is further supported by the discovery that a mutation in the leptin receptor gene causes obesity and diabetes in *db/db* mice \[reviewed in [@B25]\]. Leptin is almost exclusively secreted from adipocytes, controls food intake and energy expenditure and has atherogenic and growth properties \[[@B25]\]. Leptin decreases orexigenic and increases anorexigenic peptide synthesis in the hypothalamus thereby decreasing appetite \[[@B25]\]. Obesity is associated with increased leptin serum concentrations, which potentially contribute to the development of insulin resistance and the metabolic syndrome \[[@B25]\]. Interestingly, exogenous administration of leptin does not significantly influence appetite and body weight in obese patients, a phenomenon which has been attributed to central leptin resistance \[[@B26]\]. It has been suggested that leptin exerts insulin sensitizing effects by increasing fatty acid oxidation and decreasing triglyceride storage in muscle \[[@B25]\]. In addition to the effects of leptin on insulin sensitivity, there may be a direct link between high circulating leptin concentrations and increased cardiovascular risk \[[@B1],[@B5],[@B25]\]. Leptin may enhance platelet aggregation and arterial thrombosis, promote angiogenesis, impair arterial distensibility and induce proliferation and migration of vascular smooth muscle cells \[[@B25]\].

In addition, to its potential role as mediator of insulin resistance, leptin has been identified as an important regulator of β-cell mass and cell survival \[[@B31]\]. Studies in the leptin receptor-deficient Zucker diabetic fatty (ZDF) rats reveal that the reduction in β-cell mass is primarily due to increased rate of β-cell death and not related to proliferation \[[@B32]\].

ADIPONECTIN
===========

Adiponectin has been discovered in 1995 and was originally named Acrp30 \[[@B33]\]. Several groups identified this protein in a different context and referred to it as adipoQ \[[@B34]\], and apM1 \[[@B35]\], until the consensus name \'adiponectin\' found widespread acceptance \[[@B36]\]. Since its discovery, several different functions have been found for adiponectin. There is consensus that adiponectin generally exerts insulin sensitising, anti-inflammatory and anti-apoptotic actions on a number of different cell types \[[@B36]\]. Consistent with these properties, adiponectin release from adipocytes is down-regulated under adverse metabolic conditions, resulting in reduced circulating adiponectin levels \[[@B36]\]. Furthermore, adiponectin expression and secretion increase upon improved insulin sensitivity and weight loss \[[@B36]\]. Insulin-sensitizing TZDs probably mediate part of their effect via adiponectin since they increase plasma concentrations of this adipokine in both, subjects with normal insulin sensitivity and type 2 diabetes *in vivo* \[[@B36]\]. In contrast, various hormones associated with insulin resistance and obesity including catecholamines, insulin, glucocorticoids, TNFα and IL-6 down-regulate adiponectin expression and secretion in fat cells *in vitro* \[[@B37]\]. Besides its peripheral effects, adiponectin acts in the brain to increase energy expenditure and cause weight loss \[[@B3],[@B5],[@B36]\].

The role of adiponectin as an endogenous insulin sensitizer was discovered using experimental down-regulation of the adiponectin gene in knockout mice \[[@B29]\]. Two independent studies demonstrate impaired insulin sensitivity in adiponectin knockout mice as compared to wild type controls \[[@B29], reviewed in [@B36]\]. In mice with transgenic overexpression, adiponectin was shown to have anti-obesity effects due to enhanced energy expenditure and impairment of adipocyte differentiation \[[@B38]\].

The effects of adiponectin on glucose homeostasis may be mediated both via effects on peripheral insulin sensitivity and insulin secretion \[[@B31]\]. Adiponectin plays a direct role in improving insulin sensitivity on the whole body level \[[@B36]\]. One mechanism how adiponectin directly improves insulin sensitivity is that the globular C-terminal fragment reduces glucose levels by increasing fatty acid combustion in myocytes \[reviewed in [@B36]\]. Moreover, adiponectin exerts significnant anti-inflammatory effects \[[@B36]\]. In addition, adiponectin improves insulin sensitivity by paracrine action in fat cells \[[@B37]\] and most likely also in hepatocytes \[[@B36]\]. Potential effects of adiponectin on insulin secretion in β-cells, has been examined in several recent studies \[[@B31],[@B36]\]. Transgenic *ob/ob* mice overexpressing the globular domain of adiponectin have increased insulin sensitivity and increased insulin secretion independently of body weight compared to control mice \[[@B39]\]. These results suggest that adiponectin has in addition to its insulin-sensitizing properties protective effects on β-cells \[[@B31]\]. Adiponectin is able to mitigate the apoptotic effects of either palmitate- or ceramide-induced cell death-an effect that may critically depend on the formation of the downstream conversion product of ceramide, sphingosine-1 phosphate in β-cells *in vitro* \[[@B36]\]. Further *in vivo* studies in C57BL/6 mice demonstrated that systemic adiponectin administration results in increased insulin secretion \[[@B40]\]. Adiponectin has additional anti-atherogenic effects and low adiponectin serum concentrations are associated with increased risk for cardiovascular disease \[[@B36]\]. Endothelium dependent vasoreactivity is impaired in people with low adiponectin levels, which could contribute to the development of hypertension in visceral obese individuals \[[@B36]\]. In addition, it has been suggested that adiponectin protects plaque rupture by the inhibition of matrix metalloproteinase function \[[@B41]\], because adiponectin increases the expression of tissue inhibitor of metalloproteinase in macrophages and selectively suppresses endothelial cell apoptosis \[[@B41]\].

ADIPOKINES AS THERAPEUTIC TOOLS
===============================

Leptin as therapy of lipodystrophy and leptin deficiency
--------------------------------------------------------

Adipokines may be clinically relevant both as therapeutic tools or targets in the treatment of obesity and its related diseases. The clinical use of leptin is an example how basic adipokine research may be translated into novel treatment concepts. Although chronic leptin administration does not significantly reduce body weight in common human obesity, exogenous leptin can significantly improve insulin resistance, glucose and lipid metabolism when endogenous leptin levels are low such as in patients with lipodystrophy \[[@B26]\]. Moreover, in rare cases of genetically-based leptin deficiency in morbidly-obese patients, leptin treatment is able to rescue the morbidly obese phenotype \[[@B27]\]. In women with hypothalamic amenorrhea, recombinant leptin therapy improved reproductive, thyroid, and growth hormone axes, as well as markers of bone formation \[[@B28]\]. Taken together, leptin can serve as a model that adipokines can be successfully used in the treatment of diseases.

DPP-4: an adipokine target
--------------------------

Another example for the role adipokines in the treatment of metabolic diseases has been recently provided by the discovery, that adipose tissue secretes DPP-4 \[[@B15]\]. DPP-4 is a 766 amino acid membrane-associated, serine-protease enzyme \[[@B42]\]. The enzyme is widely detected in numerous tissues such as kidney, liver, intestine, spleen, lymphocytic organs, placenta, adrenal glands, and vascular endothelium \[[@B42]\]. Increased DPP-4 expression and secretion from adipose tissue in obesity may impair insulin sensitivity in an autocrine and paracrine fashion \[[@B15]\]. Lamers et al. \[[@B15]\] further demonstrated that DPP-4 release significantly correlates with adipocyte size, suggesting that DPP-4 may be involved in linking adipose tissue to impaired glucose homeostasis. Increased DPP-4 activity and serum concentrations in obesity may serve as a model how altered adipokine secretion may be successfully used as therapeutic target in the treatment of obesity related diseases.

Inhibition of DPP-4 is now a well-established therapeutic principle to lower hyperglycemia in patients with type 2 diabetes. The glucose lowering properties of DPP-4 inhibitors are due to the mechanism that under normal physiological conditions, DPP-4 rapidly degrades glucose-dependent insulinotropic polypeptide (GIP) and glucagon-like peptide-1 (GLP-1) \[[@B42]\]. Nutrient intake stimulates the release of the incretin hormones GIP and GLP-1 into the circulation \[[@B42]\]. Important functions of both incretins include potentiating glucose-dependent insulin secretion from pancreatic β-cells and inhibiting glucagon secretion, which in turn reduces hepatic gluconeogenesis \[[@B42]\]. The effect of incretins is significantly reduced in patients with type 2 diabetes and contributes to impaired insulin secretion and chronic hyperglycemia \[[@B42]\].

IL-1β as an adipokine target
----------------------------

Adipose tissue expresses and releases IL-1β \[[@B43]\]. IL-1β is a proinflammatory cytokine which has been proposed to play a role in inflammatory pancreatic β-cell destruction leading to type 1 diabetes \[[@B44]\]. IL-1β inhibits the function and promotes the apoptosis of β-cells \[[@B44]\]. The blockade of IL-1 with a recombinant human IL-1-receptor antagonist (anakinra) has been shown to improve glycemia and β-cell function and reduced markers of systemic inflammation in a double-blind, parallel-group clinical trial involving 70 patients with type 2 diabetes \[[@B44]\]. Therefore IL-1β represents a model that in addition to the direct use of adipokines as therapeutic strategy, adipokines may be indirectly used as target molecules for the treatment of obesity comorbidities.

However, for most adipokines, effects of acute and chronic treatment have only been tested in the context of animal studies and there is no clinical application yet. Among several adipokines with a potential for future use as pharmacological treatment strategy, apelin and vaspin have been recently extensively studied \[[@B18]-[@B20]\].

Apelin
------

Apelin is an adipokine which plays a role in the regulation of glucose homeostasis and may contribute to the link between increased adipose tissue mass and obesity related metabolic diseases \[[@B18]\]. Apelin, a 36 amino-acid peptide endogenous ligand of the G-protein-coupled receptor APJ receptor, has been identified in a variety of tissues, including central nervous system with high expression in the hypothalamus, stomach, heart, skeletal muscle, and white adipose tissue \[reviewed in [@B18]\]. Apelin serum concentration was shown to be higher in patients with obesity and insulin resistance \[[@B18]\]. Recently, higher apelin serum concentrations were found to be associated with liver cirrhosis both in rats and humans \[[@B18]\]. Moreover, treatment of rats with cirrhosis with an apelin receptor antagonist showed diminished hepatic fibrosis and loss of ascites suggesting the hepatic apelin system as a novel therapeutic target in liver disease \[[@B45]\]. Apelin serum concentrations correlate with hyperinsulinemia and obesity, suggesting that apelin may be another adipokine mediator of impaired adipose tissue function in obesity \[[@B18]\]. Interestingly, apelin administration has been shown to have glucose-lowering effects associated with enhanced glucose utilization in skeletal muscle and fat \[[@B46]\]. Moreover, apelin restored glucose tolerance and increased glucose utilization in obese and insulin-resistant mouse models \[[@B46]\]. Collectively, data obtained from apelin treatment in different rodent models indicate that apelin influences glucose homeostasis and may contribute to the link between increased adipose tissue mass and obesity related metabolic and inflammatory diseases \[[@B18]\].

Vaspin
------

Visceral adipose tissue-derived serpin (vaspin) gained a lot of attention since it has been identified as a member of serine protease inhibitor family, which was expressed in visceral adipose tissue of Otsuka Long-Evans Tokushima Fatty (OLETF) rats at the age when obesity and insulin plasma concentrations reach a peak \[[@B19]\]. We found vaspin expression in adipose tissue \[[@B47]\], stomach and rodent pancreatic islets \[[@B48]\], however the mechanisms how vaspin secretion may be linked to deterioration of glucose metabolism and insulin sensitivity are not entirely understood. In OLETF rats, tissue expression of vaspin and its serum levels decrease with worsening of diabetes and body weight loss at 50 weeks and could be normalized with insulin or pioglitazone treatment \[[@B19]\]. Administration of vaspin to obese mice improves glucose tolerance, insulin sensitivity and altered gene expression of candidate genes for insulin resistance \[[@B19]\]. Moreover, we could recently show that treatment of different mouse models with recombinant vaspin leads to sustained glucose lowering and reduction of food intake \[[@B48]\], suggesting vaspin as a treatment target for future pharmacological therapies of obesity and its related metabolic diseases.

ADIPOKINES AS BIOMARKERS
========================

Adipokines have a potential clinical relevance as biomarkers for fat mass, fat distribution, adipose tissue function, liver fat content, insulin sensitivity, and subclinical chronic inflammation associated with metabolic diseases. As a prominent example, circulating leptin levels are highly correlated with adipose tissue mass, and can thus be used as a surrogate for changes in the amount of adipose tissue \[[@B3],[@B10],[@B11]\]. Leptin may be one example for additional adipokines that signal the functional status of adipose tissue to other tissues and frequently reflect weight changes. Using an unbiased proteomics approach, we recently detected differential abundance of proteins associated with fat mass for antithrombin-III, clusterin, complement C3 and complement C3b, pigment epithelium-derived factor, RBP4, serum amyloid P, and vitamin-D binding protein \[[@B49]\].

In clinical practice measurement of adipokines which only reflect weight changes will not improve individual therapeutic decisions. However, there is a need in the monitoring of weight loss therapies for novel biomarkers, which predict how successful an individual can loose weight, which weight loss strategy may be the best and weight regain. In addition, there is no biomarker which distinguishes whether weight regain during diet interventions is due to diet failure or occurs despite healthy dieting. Adipokine biomarkers may also be promising candidates to predict the individual weight loss outcome with regard to improved cardiovascular function, insulin sensitivity, inflammation, liver function and steatosis, and adipose tissue function. In line with this, we recently described two distinct adipokine biomarker patterns \[[@B11]\] among 322 participants of the 2-year Dietary Intervention Randomized Controlled Trial (DIRECT) of low-fat, Mediterranean or low-carbohydrate diets for weight loss \[[@B50]\]. One pattern includes biomarkers (insulin, triglycerides, leptin, chemerin, MCP-1, and RBP4) whose dynamics tightly correspond to changes in body weight \[[@B11]\], whereas a different pattern was observed for adiponectin, high density lipoprotein cholesterol, hsCRP, fetuin-A, progranulin, and vaspin. The latter pattern reflected lifestyle factors such as physical activity and healthier diet beyond simple associations with body fat mass \[[@B11]\].

Fat distribution
----------------

The search for adipokines which are exclusively expressed in distinct fat depots has not revealed a specific fat depot marker so far. However, there are several candidate adipokines, for which circulating levels strongly correlate with visceral fat distribution. Circulating biomarkers for abdominal visceral fat accumulation include adiponectin, RBP4, vaspin, chemerin, progranulin, omentin, fetuin-A and others \[[@B30]\]. We and others have recently shown that adiponectin serum concentration negatively correlates with visceral fat mass \[[@B30]\], whereas RBP4 \[[@B51]\], vaspin \[[@B20]\], chemerin \[[@B17]\], fetuin-A \[[@B22]\], omentin \[[@B23]\], and progranulin \[[@B24]\] are predictors of increased visceral fat distribution.

As a potential marker for visceral fat mass, visfatin, which has been previously identified as a protein involved in B-cell maturation (pre-B colony enhancing factor), caught much attention, because it was suggested to be exclusively expressed in visceral adipose tissue and have insulin mimetic effects \[[@B5]\]. With several subsequent studies it became clear that visfatin is expressed in many cells and tissues and represents the enzyme nicotinamide phosphoribosyltransferase (Nampt, EC 2.4.2.12) \[[@B52]\]. Although visfatin/PBEF/Nampt is clearly not exclusively expressed in visceral fat \[[@B52]\], a positive correlation between visceral adipose tissue visfatin/PBEF/Nampt gene expression and body mass index (BMI), was supported by a number of subsequent studies demonstrating that plasma visfatin levels in humans correlate with obesity and visceral fat mass \[[@B52]\].

We have recently extended the original finding that vaspin expression is higher in visceral depots of OLETF rats \[[@B19]\] by demonstrating fat depot-specific vaspin expression in obese individuals \[[@B47]\]. Elevated vaspin serum concentrations are associated with obesity, impaired insulin sensitivity and fitness level \[[@B20]\]. Analyses of vaspin serum concentrations in the 2-year DIRECT study \[[@B50]\] further revealed vaspin as a novel biomarker for a continuous beneficial response to switching to healthier dietary patterns \[[@B11]\].

RBP4 is predominantly secreted from the liver, but also expressed in adipocytes \[[@B14]\]. However, increased RBP4 serum concentrations have been shown to be the result of increased RBP4 expression in visceral adipose tissue of patients with insulin resistance \[[@B51]\]. RBP4 has gained a lot of attention after the first notion that it is elevated in the serum of insulin resistant humans and mice and that increased RBP4 serum concentrations are associated with obesity, insulin resistance, and abdominal fat distribution \[[@B14],[@B51]\]. Therefore, increased RBP4 serum concentrations might causally link (visceral) obesity to insulin resistance and its associated metabolic diseases. We recently showed that RBP4 serum concentration patterns closely follow the body weight pattern in response to different diet regimens, suggesting that RBP4 rather reflect than cause changes in body weight and glucose homeostasis \[[@B11]\].

Analyses of chemerin concentrations in portal, hepatic and systemic venous blood revealed that visceral fat is not a major site of chemerin release, and elevated systemic levels of chemerin in obesity and type 2 diabetes seem to be associated with inflammation rather than BMI \[[@B17]\]. We recently postulated an important role of chemerin in the initiation of adipose tissue inflammation and dysfunction and suggested that reduced adipose tissue chemerin expression may contribute to improved insulin sensitivity and subclinical inflammation beyond significant weight loss \[[@B17]\].

Progranulin is a secreted protein with important functions in several processes, including immune response and embryonic development \[[@B53]\]. In adipose tissue, progranulin is secreted both from adipocytes and infiltrating macrophages \[[@B24]\]. We recently found that elevated progranulin serum concentrations are associated with visceral obesity, elevated plasma glucose, and dyslipidemia \[[@B24]\]. Taken together, adipokine serum concentrations may serve as biomarkers for visceral fat mass and could therefore be clinically important to avoid expensive direct measurement of visceral fat mass using magnetic resonance imaging scans.

Adipose tissue inflammation and dysfunction
-------------------------------------------

Adipose tissue dysfunction and ectopic fat accumulation belong to the early abnormalities in the development of obesity and seem to be important factors determining the individual risk to develop metabolic and cardiovascular comorbidities of obesity \[[@B1],[@B3]-[@B6]\]. With the development of adipose tissue dysfunction, adipokine secretion is significantly altered. These changes in adipokine secretion are very likely to link impaired adipose tissue function to insulin resistance and cardiovascular disease \[[@B1],[@B3]-[@B6]\]. Hotamisligil et al. \[[@B54]\] first discovered the existence of an inflammatory state involving adipose tissue and its potential role in obesity by demonstrating the secretion of TNFα by the adipose tissue \[[@B54]\]. TNFα expression increases in adipocytes of obese animals, and the neutralisation of TNFα by a TNFα soluble antibody leads to an improvement of insulin sensitivity \[[@B54]\]. These observations exhibit the existence of a strong link between a proinflammatory cytokine, produced and secreted by adipose tissue, and the development of insulin resistance associated with obesity progression. These findings opened a new field of research in the domain of inflammation and obesity \[[@B1],[@B3]-[@B6]\].

In addition to adipocytes, macrophages in human adipose tissue may contribute to enhance the obesity-related \'low-grade\' chronic inflammation \[[@B3]\]. Various observations support the hypothesis of a potential deleterious role for adipose-infiltrated macrophages in the pathogenesis of obesity-associated diseases \[[@B3]\]. Indeed, increased number of macrophages in adipose tissue might cause increased systemic concentrations of pro-inflammatory cytokines. The action of these inflammatory molecules may represent the molecular link between adipose tissue and the metabolic, cardiovascular or even hepatic complications of obesity. In particular, increased levels of TNFα, IL-6, progranulin and MCP-1, produced by activated macrophages may directly contribute to the mechanisms of change in the insulin sensitivity in different adipose depots \[[@B3]\]. Due to the significant overlap between visceral fat distribution and adipose tissue inflammation, which is typically more pronounced in omental compared to subcutaneous fat \[[@B3]\], the same factors which may predict visceral fat mass are predictors of adipose tissue inflammation. Such molecules include MCP-1 \[[@B55],[@B56]\], chemerin \[[@B17]\], omentin \[[@B23]\], progranulin \[[@B24]\], and others. Noteworthy, disruption of MCP1 action by knockout of either MCP1 or its receptor CC chemokine receptor 2 is associated with protection against insulin resistance further supporting the notion that increased adipose tissue macrophage infiltration may causally link obesity with insulin resistance \[[@B55],[@B56]\]. In addition, we recently found that progranulin may contribute to immune cell attraction into adipose tissue and could therefore be a novel marker of chronic inflammation in obesity and type 2 diabetes. Progranulin closely reflects omental adipose tissue macrophage infiltration and improved insulin sensitivity after physical training significantly reduces elevated circulating progranulin in patients with type 2 diabetes \[[@B24]\].

Insulin sensitivity and glucose homeostasis
-------------------------------------------

Obesity does not necessarily translate into increased risk for comorbidities and \~15% of obese individuals do not develop obesity associated disorders \[[@B30]\]. Therefore the pathogenic link between increased adipose tissue mass and higher risk for obesity related disorders including impaired insulin sensitivity is not necessarily directly related to fat mass. Adipose tissue dysfunction and ectopic fat accumulation seem to be important factors determining the individual risk to develop insulin resistance as comorbidity of obesity. To identify adipokines, which are independently of body fat mass are associated with impaired insulin sensitivity, we systematically characterized paired samples from abdominal subcutaneous and intraabdominal omental adipose tissue of insulin sensitive obese individuals compared with BMI-, age-, and gender-matched insulin resistant obese individuals without significant comorbidities including type 2 diabetes \[[@B30]\]. Increased circulating concentrations of RBP4 \[[@B14],[@B51]\], vaspin \[[@B20]\], MCP-1 \[[@B55],[@B56]\], visfatin/PBEF/Nampt \[[@B52]\], chemerin \[[@B17]\], progranulin \[[@B24]\] and fetuin-A \[[@B22]\] and decreased adiponectin serum concentrations \[[@B36]\] have been shown to be associated with either insulin resistance, obesity or both. However, it has been difficult to dissect the effects of obesity and insulin resistance on increased serum concentrations of these molecules. Comparison of insulin sensitive versus insulin resistant obese patients provided new evidence for a significant body fat mass independent role for adiponectin, chemerin, progranulin, RBP4 and fetuin-A in the development or at least as markers of insulin resistant obesity \[[@B30]\]. Among those markers, adiponectin has been shown to be a sensitive biomarker for insulin sensitivity in extensive studies \[[@B36]\]. In addition to these potential biomarkers of insulin resistance, increased activity of circulating DPP-4 derived from adipose tissue expression may impair insulin sensitivity in an autocrine and paracrine fashion \[[@B15]\]. Resistin has originally been suggested as an adipokine upregulated during weight gain, impairing insulin sensitivity, and linking insulin resistance with obesity in mice \[[@B57]\]. A recent large study involving the Framingham offspring cohort confirmed a significant relationship between insulin resistance and circulating resistin in humans, but found that this relationship was not independent of BMI \[[@B58]\].

A relationship between RBP4, insulin resistance and impaired glucose homeostasis has been first reported in mice lacking glucose transporter 4 in adipose tissue and has been subsequently confirmed in human cohorts \[[@B14],[@B51]\]. These mice exhibit significantly higher RBP4 serum concentrations as their control littermates \[[@B59]\]. The effects of RBP4 are mediated through retinol-dependent or retinol-independent mechanisms \[[@B59]\]. It has been demonstrated that RBP4 can induce the retinoid-regulated gene encoding the gluconeogenic enzyme phosphoenolpyruvate carboxykinase (PEPCK), increase basal glucose production, and reduce insulin action to suppress glucose production in hepatocytes *in vitro* \[[@B59]\]. Recombinant RBP4 treatment in mice causes an impaired suppression of hepatic glucose production in response to maximal insulin concentrations \[[@B59]\] providing another mechanistic link between RBP4 induced insulin resistance, which might lead to increased fat accumulation \[[@B51]\].

CONCLUSIONS
===========

Adipose tissue is an active endocrine organ, which produces a number of bioactive molecules, so called adipokines. Altered adipokine secretion may represent a link between adipose tissue dysfunction in obesity and metabolic and cardiovascular obesity-related disorders. Adipokines are important modulators of glucose metabolism, because they may primarily contribute to adverse fat distribution (e.g., chemerin, RBP4), altered appetite and satiety (e.g., leptin, vaspin), impaired insulin sensitivity (e.g., adiponectin, leptin, RBP4) or insulin secretion (e.g., leptin, adiponectin), and to inflammation (e.g., resistin, IL-6, TNFα, MCP-1, chemerin, progranulin). Functional characterization of newly identified adipokines which may link obesity to glucose homeostasis represents a main research focus. The identification of adipokine related mechanisms will be a prerequisit for translation into novel pharmacological treatment approaches of obesity, insulin resistance and type 2 diabetes.
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![Effects of adipokines. Adipokines regulate adipogenesis, adipocyte metabolism, immune cell migration into adipose tissue via autocrine and paracrine signalling. In addition, adipokines have endocrine/systemic effects on appetite and satiety control, regulation of energy expenditure and activity, influence insulin sensitivity and energy metabolism in insulin sensitive tissues, such as liver, muscle and fat as well as insulin secretion in pancreatic β-cells. IL, interleukin; TNFα, tumour necrosis factor alpha; MCP-1, monocyte-chemotactic-protein-1; FABP4, fatty acid binding protein 4; RBP4, retinol-binding-protein-4.](dmj-36-317-g001){#F1}
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RBP4, retinol-binding-protein-4; DPP-4, dipeptidyl peptidase-4; IL, interleukin; MCP-1, monocyte-chemotactic-protein-1; FABP4, fatty acid binding protein 4.

^a^Demonstrated in animal models only.
